A fluorescent probe, 7-(diethylamino)-2-oxo-2H-chromene-4-carbaldehyde (probe 1), was designed and synthesized for the sensitive detection of hydrazine. The addition of N2H4 caused the fluorescence intensity of probe 1 to decrease. The probe's fluorescence was turn-off after adding N2H4, which could be observed under UV light at 365 nm. Moreover, once treated with different concentrations N2H4 solutions, the solution color change could be distinguished, which indicates that probe 1 could be used as a visual sensor for hydrazine. Moreover, probe 1 can be used as a signal tool to determine hydrazine levels in solutions, such as red wine and water.
Introduction
Hydrazine (N2H4) is widely applied in the agricultural, military, chemical and pharmaceutical industries. 1 It plays crucial roles in pesticides, rocket propellant, catalysts, photography chemicals, textile dyes and antimicrobial drugs. 2 In contrast to its usefulness, hydrazine has considerable toxic effects on potential water contamination during its manufacture, use, transport and disposal. 3 More further, it is documented that some nitrogen fixing bacteria may create hydrazine as a byproduct. 4 At the same time, hydrazine and its water solutions are highly toxic to humans when absorbed by dermal, oral and inhalation routes of exposure. 5, 6 Once it enters into the body, hydrazine is not easily excreted. It damages the liver, lungs, kidneys and the human central nervous system. 7, 8 Hydrazine has been classified as a probable human carcinogen by the United States Environmental Protection Agency (USEPA) with an allowable threshold limit value (TLV) of 10 ppb, as well as the World Health Organization. 9, 10 Many governments strictly regulate the concentration of hydrazine in drinking water to be a low micro molar level, such as in China, where the concentration of hydrazine in drinking water is strictly regulated to be <0.02 mg/L. 11 Therefore, the development of a sensitive and selective detection of hydrazine in food and water is urgently needed. 12 To date, there are several methods applied to detect hydrazine. 13 For example, titration, 14 potentiometry, 15 coulometry, 16 colorimetry, 17 chemiluminescence 18 and highperformance liquid chromatography (HPLC). 19 However, most of these methods developed previously are operationally complex, costly and time consuming. [20] [21] [22] Recently, fluorescent probes have been suggested to be an effective alternative tool for high sensitivity, [23] [24] [25] [26] [27] operational simplicity 28, 29 and real-time detection. 30, 31 In recent years, several fluorescent probes for N2H4 have been developed based on the strong nucleophilicity of N2H4 toward phthalimide, 32, 33 levulinate, 34, 35 acetate, 36,37 and aldehyde. 38, 39 Although many small molecule fluorescent probes have been applied in hydrazine detection, the sensitivity still remain to be improved, and new fluorescent probes are still in demand. Here, we report on the design, synthesis and sensing behaviors of a fluorescent probe, 7-(diethylamino)-2-oxo-2H-chromene-4-carbaldehyde (probe 1), which shows high sensitivity for N2H4. It could be applied to detect N2H4 levels in red wine and water samples with good recovery.
Experimental
Reagents and chemicals 7-(Diethylamino)-2-oxo-2H-chromene-4-carbaldehyde, selenium(IV) oxide, 1,4-dioxane, NaF, NaCl, NaBr, NaI, Na2CO3, NaHCO3, Na2SO4, NaNO3, NaSCN, FeCl3, and N2H4 were purchased from J&K Scientific Company (Beijing, P. R. China). The reagents were all analytically pure.
Apparatus
NMR spectra were obtained on a Bruker AV 300 MHz NMR ( 1 H NMR at 300 MHz, 13 C NMR at 75 MHz) using TMS as an internal standard. Chemical shifts (δ) are given in ppm and coupling constants (J) in Hz. The high-resolution mass spectrum (HRMS) was obtained on a Bruker Apex IV FTMS. Fluorescence spectra were recorded on a Hitachi F-4600 fluorescence spectrometer.
Preparation of probe 1 7-Diethylamino-4-methylcoumarin (0.92 g, 4 mmol) and selenium(IV) oxide (0.67 g, 60 mmol) were dissolved in 1,4-dioxane (20 mL). The reaction mixture was heated in an oil bath at reflux for 10 h (Scheme 1). The precipitate was collected by being evaporated, and then the residue was purified by flash chromatography on silica gel (petroleum/EtOAc, 20:1) to afford probe 1 as a brown liquid (0.61 g, 62.39%). 1 
The procedures of N2H4 determination
Preparation of test a system: a 0.02-mL probe solution was dissolved in 0.48 mL DMSO, added to the ion solution, and then the capacity to 2 mL in a cuvette with a phosphate buffer solution (PBS, pH 7.4). After mixture, it was mixed to test the spectrum. The fluorescence spectrophotometer parameters were: λex/λem, 379/489 nm; slit width, 5 nm, 5 nm; voltage, 700 V; sensitivity, 2; temperature, 25 C.
Results and Discussion
Probe 1 was easily synthesized in a one-step reaction, whereby a treatment of 7-diethylamino-4-methylcoumarin reacted with selenium(IV) oxide to give probe 1. The synthetic was purified by column chromatography. The synthetic route and post processing were easy. The overall structure of probe 1 was confirmed by 1 H NMR, 13 C NMR and HRMS (Figs. S1 -S3, Supporting Information).
The response time and pH value were first investigated to obtain the optimized fluorescent spectral response conditions for probe 1 in the presence and absence of N2H4. The effect of the pH was investigated on the fluorescence responses of probe 1 added by N2H4 in the pH range from 3.0 to 12.0. The overall, the fluorescence intensity of probe 1 was not affected over the range pH 3.0 to 12.0; however, as shown in Fig. 1 , the fluorescence intensity of free probe 1 decreased quickly from 11.0 to 12.0. The free probe 1 and the fluorescent spectral response of probe 1 to N2H4 were applicable in the pH range from 3.0 to 11.0. The largest fluorescence intensity differences between free probe 1 and probe 1-N2H4 appeared to be in pH 7.4. Thus, pH value of 7.4 was chosen as most suitable for the below studies. As shown in Fig. 2 , the fluorescence of probe 1 at 489 nm decreased largely (excited at 379 nm) after the addition of N2H4 in 10 mM PBS (pH 7.4) at 25 C within 28 min. It is suggested that the reaction is complete after about 28 min, under these particular experimental conditions. The fluorescence responses of probe 1 (0.1 μM) in the absence and presence of 10 equiv. amount N2H4 at pH 7.4 was evaluated, as shown in Fig. 3a . After N2H4 was added, the solution color of probe 1 changed from light blue to colorless (Fig. 3b) , which could be observed by the naked eyes under UV light at 365 nm. It is really ensured that the reaction between probe 1 and N2H4 can be entirely completed within 28 min, and it is useful for the detection of N2H4.
To investigate the sensitivity of probe 1, the fluorescence intensity of probe 1 under a range of N2H4 concentrations was measured. In addition, the change of the emission intensity at 489 nm can be evidence to prove the effect of the N2H4 concentration (Fig. 4a) . As shown in Fig. 4b , the fluorescence intensity was strong in the absence of N2H4. However, the fluorescence intensity changed, and was weaker with an increased addition of N2H4. In addition, probe 1 possesses an excellent linear function to detect the N2H4 concentration in the range of 0 -1 μM with a correlation coefficient of R 2 = 0.9923 and a detection limit (LOD) for N2H4 of 22 nM based on Cim = 3SD/B, as defined by IUPAC.
These figures are comparable to those of other reported fluorescent probes for N2H4; [32] [33] [34] [35] [36] [37] [38] [39] however, the advantage here is that probe 1 is very easy to synthese and the price cheap. In addition, the probe's fluorescence changes from on to off under UV light at 365 nm, which shows that N2H4 can be detected with the naked eye by using probe 1. Probe 1 was applied to detect N2H4 solutions with different concentrations (Fig. 4c) . Upon adding N2H4 for 28 min, distinctive fluorescence changes of the probe 1 solution were observed, which could to be distinguished by the naked eyes under UV light at 365 nm.
To evaluate the selectivity of probe 1 for N2H4 various compounds including F -, Cl ,  NO3 -, SCN -, Fe 3+ , and N2H4 (Fig. 5a ). As shown in Fig. 5b , only the addition of N2H4 induced a significant decrease in the fluorescent intensity at 489 nm, indicating that probe 1 was highly selective for N2H4. Other compounds did not induce any obvious fluorescence decrease to the probe 1 solution. This phenomenon suggests that probe 1 could be used to detect N2H4 under complex conditions.
The sensing mechanism of probe 1 involved can be ascribed to the Schiff-base reaction of N2H4 with the aldehyde (Scheme 2). 38, 39 To confirm this proposed mechanism, the reaction product probe 1-N2H4 was verified by 1 H NMR (Fig. S4 , Supporting Information), 13 C NMR (Fig. S5 , Supporting Information) and HRMS (Fig. S6 , Supporting Information). After N2H4 was added into the solution of probe 1, the 1 H peaks at 10.02 ppm (CHO group) disappeared, and new peaks at 7.97 ppm were assigned to the NH2 group and peaks at 7.80 ppm were assigned to the CH=N group. 13 C peaks at 192.52 ppm (CHO group) disappeared, and new peaks at 131.30 ppm were assigned to the C=N group; other 13 C peaks shifted to higher fields. The formation of probe 1-N2H4 was further confirmed via HRMS, where the peak at m/z 260.13929 (calcd. 260.13935) corresponds to [probe 1-N2H4+H] + . We know that N2H4 is easily soluble in water, and its water solutions are highly toxic to humans. Therefore, it is important to detect N2H4 in solution. To evaluate the performance of probe 1 to detect N2H4, we applied probe 1 to test N2H4 in red wine and water samples to show the actual practicability of probe 1 in a complex environment. Water samples were collected from Yellow River and Huanghai Sea. As shown in Table 1 , probe 1 can be determine the N2H4 concentration in water samples, and good recovery ranged from 90.0 to 94.0%, which suggests that probe 1 can be used as a testing tool to detect N2H4 accurately in water samples. The N2H4 levels in water samples were calculated to be 0.1 and 0.2 μM. The red wine was purchased from a local supermarket (Beijing, P. R. China). As shown in Table 1 , wine was added to probe 1 at 25 C. By analyzing the fluorescence spectra, the content of N2H4 in wine is zero. then added different concentration of N2H4 to the above system, and observed that the recoveries of N2H4 ranged from 97.0 to 110%. To prove the accuracy of probe 1, the concentration of N2H4 in water and wines were also analyzed by the hygienic standard for hydrazine in water sources (Table S1 , Supporting Information), 11 the result of these two methods showed in good agreement. All of the results suggest that the proposed method is feasible and practical for the determination of N2H4 in solutions.
Conclusions
In summary, we have developed a sensitive "on-off" fluorescent probe to detect N2H4 in solutions. The function of probe 1 relies on the Schiff-base reaction of N2H4 with the aldehyde being confirmed by 1 H NMR, 13 C NMR and HRMS studies. The results show that the addition of N2H4 can decrease the fluorescence intensity of probe 1 in PBS at 25 C. Importantly, once treated with different concentrations N2H4 solutions, the probe's fluorescence change could to be distinguished by the naked eyes under UV light at 365 nm. This noticeable change indicates that probe 1 could be employed as a visible detection agent for N2H4. Moreover, we have shown that probe 1 can be used to measure N2H4 quantitatively in red wine and water samples.
Therefore, this probe has a certain practical significance for the detection of N2H4 in a wide range of solution samples. 
